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Available online 27 March 2012In order to study the protein dynamics in the tissues of fishwe have developed a proteomics-
based strategy to determine the rates of synthesis and degradation of individual proteins.
We have demonstrated the feasibility of this approach by measuring the turnover of multi-
ple isoforms of parvalbumin (β1-7) in the skeletal muscle of common carp (Cyprinus carpio).
A stable isotope-labelled amino acid ([2H7] L-leucine) was administered to the carp via
the diet and its incorporation into the isoforms of parvalbumin in muscle over time was
monitored by LC–MS analysis of signature peptides. The relative isotope abundance was cal-
culated and used to deconvolute the data. The β7 parvalbumin isoform had a rate of synthesis
that was greater than the rate of degradation. In contrast the rate of degradation of the
β5 isoform exceeded its rate of synthesis, whilst the analysis revealed that the other parv-
albumin β-isoforms (β1, β2, β3, β4 and β6) had a rate of synthesis that was equal to the rate
of degradation. This work has addressed a number of technical challenges and represents the
first study to use proteomic approaches to measure the turnover of individual proteins in fish.
This article is part of a Special Issue entitled: Farm animal proteomics.
© 2012 Elsevier B.V. Open access under CC BY license.Keywords:
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Any change in the concentration of a specific protein reflects
the net result of the opposing processes of protein synthesis
and protein degradation. Even in a position of apparent steady-
state, when the size of a protein pool remains constant, new
proteins will be synthesised and older proteins will be de-
graded and recycled. Modulation of protein abundancemedi-
ated by post-transcriptional control of translation or protein
post-translational modification, including degradation, is
not formally or mechanistically linked to the abundance ofled: Farm animal proteom
(P.D. Whitfield).
work.
 CC BY license.mRNA. This discrepancy between mRNA and protein expres-
sion has been noted in a variety of biological systems [1–3].
An mRNA-focused perspective inevitably emphasises pro-
tein synthesis as the main influence on protein content in
the cell, but ignores the equally critical contribution made by
regulated or unregulated intracellular protein degradation.
When a protein increases in intracellular concentration, this
can be achieved by enhanced synthesis or, equally effective,
diminished degradation.Whilst the outcome of these processes
is the same (a change in the intracellular concentration of the
protein), the mechanism and regulation of the two opposingics.
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pression, it is important to give due cognizance to the flux
of individual proteins as well as their concentration.
Conventional proteomic approaches provide a ‘snap-shot’
of the proteome and may mask physiologically meaningful
differences in the synthesis and/or degradation rates of a
given protein [4]. Bulk protein turnover in animals has previ-
ously been measured through the use of radioactive amino
acids and stable isotopes [5–7], however these approaches do
not allow disaggregation of the data into individual protein
species. More recently novel methods using stable isotope
labelling and mass spectrometry have been developed to cal-
culate turnover rates of individual proteins in intact animal
species [8–10]. We have now extended these proteomic strate-
gies to determine the rates of synthesis and degradation of
individual proteins in the tissues of fish. We have previously
identified seven distinct β-isoforms of parvalbumin (β1–7) in
the skeletal muscle from common carp (Cyprinus carpio) and
shown that they are present in varying abundance [11]. In
this study we have demonstrated the feasibility of our exper-
imental approach by measuring the turnover of each of these
parvalbumin isoforms.2. Materials and methods
2.1. Fish and diet production
Common carp (mean weight=19 g/fish) were maintained
in the University of Liverpool aquarium at 25 °C±0.5 °C (at
pH 6.5–7.0) on a 16 h light:8 h dark photoperiod throughout
the study. The fish were initially fed with carp pellets for
2 months. Following this period the fish were fed twice a day
with a synthetic diet in which the proximate composition of
L-leucine was set to a level similar to standard carp diet
[12,13]. As the diet had to be palatable to the carp and provide
sufficient nutrients to allow the fish to grow at a normal rate,
a total substitution of free protein with crystalline amino
acids was not possible. The diet was cold pressed without
steam in a PTM 6 (Plymouth Tropical Marines, Plymouth, UK)
extruder. Ingredients were ground and sieved to less than
1 mm2 before being thoroughly mixed prior to the addition
of the oil and water fractions. The diet was then extruded
through a 2 mm die. The resultant pellets were dried in a tem-
perature controlled cabinet at 45 °C until the total moisture is
less than 10% and then stored at 4 °C until use. Both the diet
ingredients and the diet itself were analysed for proximate
composition to ensure accurate formulation and confirm sub-
sequent composition (Supplementary Table 1).
After 4 weeks the carp were switched to an experimental
‘heavy’ diet, in which 50% of the L-leucine in the diet (that
proportion added as crystalline amino acid) was replaced
with [2H7]L-leucine (98% purity) (Cambridge Isotope Laboratories,
Andover, MA, USA). The fish were fed twice a day until visually
satiated. Total daily food consumption was monitored on each
day of the study and feeding did not exceed 1% body weight on
any 1 d. The dietary changeover point was taken as t=0. Fish
were maintained for up to 7 weeks on the heavy diet. The
fish (n=4) were sampled at t=0, 1, 2, 3, 4, 5 and 7 weeks follow-
ing the dietary changeover. Immediately after sacrifice, fishwere weighed and then the axial white skeletal muscle from
midway down the body of each fish (under the dorsal fin
and above the lateral line) was swiftly dissected. Tissues
were then stored at −80 °C until analysed. The feeding regi-
men was carried out under licence granted by the UK Animal
(Scientific Procedures) Act, 1986. Fish were killed in accor-
dance with UK Home Office Schedule One regulations.
2.2. Sample preparation
The muscle samples (approximately 300–400 mg wet weight of
tissue) were mechanically homogenised in 2.5 mL of 20mM
sodiumphosphate buffer (pH 7.4) containing Complete Protease
Inhibitors (Roche, Lewes, UK). The homogenatewas centrifuged
at 15,000×g at 4 °C for 45min and the supernatant was re-
moved. The remaining pellet was re-suspended in 1 mL of sodi-
um phosphate buffer, re-homogenised, and centrifuged and
the supernatant was combined with the supernatant set aside
in the previous step. This combined supernatant was then
divided into two aliquots. One aliquot was used for determina-
tion of total parvalbumin content by 1-D SDS-PAGE. The second
aliquot was heated at 95 °C for 5 min and then centrifuged at
15,000×g for 10min. Parvalbumin is thermostable and boiling
is a well established procedure to produce a fraction highly
enriched in parvalbumin [14]. The resulting supernatant was
used for parvalbumin isoform analysis by 2-DE. The protein
concentration of both the unboiled and boiled supernatant frac-
tions was determined using the Coomassie Plus Protein Assay
(Pierce Biotechnology, Rockford, IL, USA).
2.3. 1-D SDS-PAGE
The proteins from the unboiled fraction were separated by 1-D
SDS-PAGE using a Mini-Protean 3 system (Bio-Rad Laboratories
Ltd, Hemel Hempstead, UK). Muscle samples (approximately
15 μg) of the soluble fraction of muscle were electrophoresed
at a constant potential of 200 V through a 15% w/v poly-
acrylamide resolving gel with a 4% w/v stacking gel. Samples
were incubated at 95 °C for 5 min in a reducing buffer
(125 mM Tris–HCl; 140 mM SDS; 20% v/v glycerol; 200 mM
DTT and 30 mM bromophenol blue) prior to loading. Gels
were stained with Colloidal Coomassie Blue (Bio-Rad).
2.4. 2-DE
Samples (approximately 300 μg) of parvalbumin isoform ex-
tracts from the boiled muscle supernatants were precipitat-
ed with five volumes of ice-cold acetone and held at −20 °C
for 1 h. The resulting pellet containing the proteins of inter-
est was solubilised in buffer (4% w/v CHAPS, 8 M urea,
20 mM DTT and 0.5% v/v carrier ampholytes), incubated at
room temperature for 1 h and was then applied to IPG strips
(pH 3.9–5.1, 18 cm, Bio-Rad). The IPG strips were loaded face-
down into a Protean IEF system (Bio-Rad) and rehydrated
(12 h at 30 V, 20 °C) followed by isoelectric focusing (1 h at
250 V, 2 h at 1000 V and 45,000 Vh at 10,000 V). The focused
strips were equilibrated in reducing buffer containing
50 mM Tris–HCl pH 8.8, 6 M urea, 30% v/v glycerol, 2% SDS
w/v, 65 mM DTT and a trace of bromophenol blue. A second
equilibration step was then performed using alkylating
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The second dimension separation was performed with 15% w/v
acrylamide gels on a Hoefer SE600 system (GE Healthcare).
Proteins were visualised with Colloidal Coomassie Blue stain
(Bio-Rad).
2.5. Gel image analysis
Gels were imaged by scanning at 600 d.p.i and saved as
uncompressed TIFF files. 1-D gel band volumes were analysed
using Image J (W. S. Rasband, ImageJ, U.S. National Institutes
of Health, Bethesda, MD, USA, http://rsb.info.nih.gov/ij/,
1997–2008). Band volumes were normalised to the total protein
on the gel after subtracting background. 2-D gels were analysed
using Phoretix 2D Evolution Software (Nonlinear Dynamics,
Newcastle upon Tyne, UK). The expression levels of key
proteins were determined by calculating the spot volume
corresponding to each protein as a fraction of the total
integrated spot density on the gel.
2.6. In-solution digestion
A purified boiled parvalbumin fraction was subjected to in-
solution tryptic digestion. The samples were adjusted to a
final concentration of 50mM ammonium bicarbonate, 10mM
EDTA and 10% acetonitrile. The proteins were reduced by
incubating with 10 mM DTT for 20 min at 56 °C. This was
followed by alkylation with 56 mM iodoacetamide for
45 min at room temperature in the dark. Trypsin (Roche)
(0.2 μg/μL in 50 mM acetic acid) was added at a ratio of pro-
tein:trypsin 50:1 and the digestion was allowed to proceed
overnight at 37 °C. The digest was terminated by addition of
formic acid to 1% final volume.
2.7. Peptide analysis by LC–MS
Peptide analysis was performed in positive ionmode on an LTQ
mass spectrometer (Thermo Scientific, Hemel Hempstead,
UK) equipped with a nanospray source and coupled to an
Ultimate 3000 nano-HPLC (Dionex, Camberley, UK). The sam-
ples were initially desalted and concentrated on a C18 Pepmap
(5mm×300 μm i.d.) precolumn (Dionex). The peptides were
separated on a C18 Pepmap nanocolumn (15 cm×75 μm i.d.)
(Dionex) over a 50min 0–80% (v/v) ACN gradient at a flow rate
of 200 nL/min and subjected to mass spectrometric analysis.
MS spectra were collected using selected ion monitoring.
A combination of enhanced and zoom scans achieved isoto-
pic resolution whilst maintaining a duty cycle that allowed
each chromatographic peak to be described by approximately
10 scans. Ion intensities weremeasured as peak areas derived
from extracted ion chromatograms on the entire isotopic
envelope for each isotopomer.
2.8. Calculation of rates of synthesis and degradation of
proteins
The relative isotope abundance (RIA) of the precursor pool
was determined using N-terminal peptides containing two
leucine residues from five of the seven β parvalbumin
isoforms. Once the precursor is known, this can be used todeconvolute the peptide ion intensity to that which is contrib-
uted by pre-existing ‘old’ protein and that which is newly
synthesised. By plotting this relative partition of intensity
over time, the rates of synthesis and degradation of each indi-
vidual isoform can be calculated. The theoretical derivation of
the formulas used for RIA and synthesis determination has
been described previously [9].3. Results and discussion
3.1. Protein turnover in fish: experimental design
The rates of turnover of individual proteins can be deter-
mined using mass isotopomer analysis (MIDA) an experi-
mental approach pioneered by Hellerstein and co-workers
[15,16]. This approach permits analysis of the complex mass
spectra that are generated by partial stable isotope labelling
of polymeric macromolecules such as proteins and peptides.
Deconvolution of the relative proportions of the different
species allows the isotopic composition also known as the
relative isotope abundance (RIA) of the precursor pool at the
true site of cellular biosynthesis to be calculated. Although the
true precursor pool for protein synthesis is the aminoacyl-
tRNA pool, these are in low abundance in cells and are difficult
to quantify with precision. Therefore, it is common for amino
acids to be used as a surrogate for the aminoacyl-tRNA pool
[17,18]. When labelling with stable isotope commences, only
the unlabelled ‘light’ species is present. If the precursor RIA
ismaintained at unity, then after one half-life, 50% of the pre-
cursor pool will be fully labelled and 50% will be unlabelled,
giving rise to two peak envelopes in the mass spectrum, of
equal intensity and separated by the additional mass of the
labelled precursor, multiplied by the number of occurrence
of the precursor in the analyte. After a large number of half-
lives, all of the peptide will be labelled and only one peak
envelope, corresponding to the fully labelled (‘heavy’) pep-
tide will be observed [19].
In cell culture determining protein synthesis and degrada-
tion rates is relatively uncomplicated with respect to exper-
imental design. The ability to control and manipulate the
RIA of the precursor pool by supplementation of the external
medium with a substantial excess of the stable isotope-
labelled amino acid means that the down-stream interpreta-
tion of the mass spectra is routine, with the correct bioin-
formatic support. The RIA quickly reaches a plateau to unity
and subsequent sampling of the labelled proteins then per-
mits the assessment of the rate of turnover of the proteins.
However, in animals there are interactions between the dif-
ferent cellular pools and recycling of unlabelled amino acid
frompre-existing tissue. This leads to an inability to precisely
control the precursor RIA to the same extent and therefore
requires the labelling of the precursor pool to be experi-
mentally determined. MIDA calculations are not affected by
compartmentalisation within the precursor pool as the pre-
cursor amino acids that actually enter each particular protein
are used for the calculation of precursor enrichment in that
protein or peptide, regardless of their relationship to other
precursor pools or other proteins. This negates direct analy-
sis of the precursor pool.
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consideration of label choice and introduction of label to
the subject. The label must be of sufficient abundance in the
proteome of the organism and, if possible, should be admin-
istered via the diet to minimise stress. When designing the
diet, issues of nutrition (i.e. sufficient vitamins andminerals)
and palatability must be addressed. A fully-synthetic diet
may not be palatable and there are issues relating to bio-
availability. In previous studies, chickens were supplied a
semi-synthetic diet in which half of an essential amino
acid was present in a crystalline form [9,20]. As the essen-
tial amino acid could be either deuterated (labelled) or
undeuterated (unlabelled) switching between the unlabelled
and labelled diets was simple. The maximal labelling of pro-
tein attainable was 50%. However, the precursor pool is con-
stantly being replenished with amino acids from protein
degradation which diluted the labelled amino acid in the pre-
cursor pool. Therefore, it is essential to calculate the RIA
available for protein synthesis and use this value in deter-
mining the amount of newly synthesised protein over the
labelling period. In the chicken experiment, the RIA was found
to quickly plateau and was the same for all proteins analysed
with very little biological variation.
In our present study [2H7]L-leucine was used as the stable
isotope label as this is an essential amino acid, abundant in
the carp proteome [21]. Further, the mass difference between
labelled and unlabelled peptides is large enough to be isolated
in m/z space from the [13C] natural isotope envelope of each
peptide. Unlike previous studies in terrestrial animals, there
were concerns that prolonged exposure of the diet in the water
may result in the heavy leucine being leached from the feed
pellets. To minimise this possibility and reduce fluctuationsFig. 1 – Sequence comparison of the β-isoforms of parvalbumin.
common carp are highly homologous and differ at only a numbe
shown in the upper panel. In the bottom panel those peptides un
peptides shown in blue.in the incorporation of the stable isotope labelled amino acid,
the carp (which are agastric) were fed small feeds twice a day,
which were consumed immediately by the fish.
3.2. Determination of the rates of synthesis and degradation
of parvalbumin isoforms
We have previously aligned the sequences of each of the
β-isoforms [11] (Fig. 1). The parvalbumin β-isoforms are highly
conserved proteins, for example the β2 and β4 isoforms differ
by only two amino acid residues (G for A at position 17 and D
for E at position 25). The individual β-isoforms of parvalbumin
in skeletal muscle from carp were also characterised using
high resolution 2-DE in conjunction with de novo peptide
sequencing by mass spectrometry. This analysis revealed
that the initiator methionine residue was removed and that
all of the isoforms were naturally N-acetylated. When digested
with trypsinwewere able to identify unique signature peptides
from each of the seven β-isoforms despite the considerable
sequence similarity between the proteins.
We have now utilised the signature peptides (Table 1) to
monitor the rates of synthesis and degradation of the indi-
vidual parvalbumin β-isoforms. For the β1, 2, 4, 5, 6 and 7 iso-
forms the N-terminal peptides were used. The N-terminal
peptide is the only tryptic peptide that is able to discriminate
the β2 and β4 isoforms and in the case of the β5 isoform results
from a miscleavage. In contrast, the β3 isoform has several
unique peptides and we elected to use the signature peptide
located at the C-terminus as it yields a high intensity ion in
the mass spectrometer.
In LC–MS analysis, electrospray-ionisation of tryptic pep-
tides yields predominantly doubly protonated species ([M+The parvalbumin isoforms from the skeletal muscle of
r of residues. The sequence alignment of the β1–7 isoforms is
ique to a specific isoform are displayed in red with common
Table 1 – Signature peptides used to monitor synthesis and degradation rates of parvalbumin isoforms.
Isoform Signature peptide sequence Monoisotopic mass of unlabelled
signature peptide a
Observed m/z of unlabelled
signature peptide
β1 Ac-AFAGVLNDADIAAALEACK 1961.9 981.42+
β2 Ac-AFAGILNDADITAALQGCQAADSFDYK 2888.3 963.43+
β3 IGAEEFAALVKA 1218.7 609.82+
β4 Ac-AFAGILNDADITAALQACQAADSFEYK 2916.4 972.83+
β5 Ac-AFAGILKDDDVAAALK 1659.9 830.72+
β6 Ac-AFAGVLNDADITAALEACK 1992.0 996.52+
β7 Ac-AFAGVLK 747.4 747.6+
a Peptide masses include acetylation of N-terminal peptides and carbamidomethylation of cysteine residue.
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Fig. 2 – The relative isotope abundance of stable-isotope
labelled leucine in parvalbumin isoforms. The relative
isotope abundance (RIA) of the precursor pool of [2H7]
L-leucine was determined experimentally over the complete
labelling period. The RIA quickly rose and plateaued to an
average value of 0.51±0.01. This RIA value is then used to
deconvolute the data to reveal the rate of protein synthesis of
each parvalbumin isoform.
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signature peptide ions separated bymultiples of 3.5 Da it is pos-
sible to identify those peptides in which both [2H0]-leucine and
[2H7]-leucine have been incorporated. In order to provide infor-
mation relating to the turnover of parvalbumin isoforms the
signature peptides must contain at least one leucine residue.
Further, data relating to peptides with one leucine residue are
difficult to interpret without an understanding of the precursor
RIA. The precursor RIA must therefore be determined using
peptides containing multiple leucine residues (Eq. 1). The
carp skeletal muscle RIA was calculated at each time-point
using the label distribution of di-leucine peptides of the
N-terminal peptide from five of the seven β-isoforms of parv-
albumin (Fig. 2). For example, a peptide containing two
leucine residues, after incorporation of leucine from the par-
tially labelled precursor pool (RIA=0.5) will exist as three var-
iants: L2, LH and H2 in the abundance ratio of 1:2:1, reflecting
the fact that there are two ways to synthesise the LH (position-
ally: \L\H\ and H\L\) variant. However, this abundance
ratio (of 1:2:1) would only be sustained if the precursor RIA is
0.5 and if there was no pre-existing pool of protein. Pre-
existing (L2) peptide, and any shift in precursor RIA from 0.5
lead to a distortion from this 1:2:1 abundance ratio. Only the
L2 peak contains pre-existing material; the LH and H2 peaks
can only have arisen from newly synthesised protein. Deter-
mining the abundance ratio of the variant peaks permits
direct calculation of the precursor RIA from the proteins and
tissues of interest (Eq. 1). Full derivations of both Eqs. 1
and 2 are described in previous work [9,20].
r ¼ 2 IH2
IHL

1þ 2 IH2
IHL
 
ð1Þ
where r is the relative isotope abundance; IHL is the intensity
of the di-leucine peptide that contains both heavy and light
leucines; IH2 is the intensity of the di-leucine peptide that is
all heavy.
FN ¼ IHIL þ IHð Þ:r ð2Þ
where FN is the fraction of newly synthesised protein; IL is the
intensity of the mono-leucine peptide that is light; IH is theintensity of the mono-leucine peptide that is heavy. Where
the signature peptide has more than one labelled leucine res-
idue, this equation must be extended to account for the
additional ‘new’ peptide. In these cases, new protein is repre-
sented by the intensity of the LH and H2 peaks, with the L2
peak containing peptide that is both newly synthesised and
pre-existing.
Although individual data points (aggregated values derived
from three fish and multiple peptide ions per time point
(n=110)) exhibited some variance, the collected data set were
monotonic, and yielded an excellent fit to a monoexponential
rise to a plateau value of 0.51±0.01 over the experimental time-
period. This indicates that all of the labelled amino acid sup-
plied in the diet was available for protein synthesis and little
was lost in the aquatic environment. The RIA value was then
used to deconvolute the proportion of the peptide signal that
is attributed to the newly synthesised and pre-existing
peptide respectively (e.g. Eq. 2 for a mono-leucine peptide).
By plotting this surrogate of fractionnew and fractionold pro-
teins at each time-point over the seven week experimental
period (Fig. 3), the rate of incorporation of label, and hence
Time (d)
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Fig. 3 – The rate of parvalbumin isoform synthesis in carp
skeletal muscle. The amount of newly synthesised protein
was determined at each time-point for each individual
parvalbumin isoform. Data were fitted to a single
exponential growth curve and the rate of synthesis for each
isoform was determined.
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β-isoform (Table 2). Data were fitted to a single exponential
growth curve allowing calculation of ksynthesis (±SE). Although
the rates of synthesis for each parvalbumin were determined
using only a single signature peptide from each isoform,
these data are reflective of the behaviour of the cognate pro-
tein. Our previous work [9] has showed that the correlation
of incorporation between multiple peptides from the same
protein is high even between mono-, di- and tri-labelled pep-
tides. This was also verified inour current studywhere compar-
ison of the data from the N-terminal peptide of β5 and an
additional signature peptide (LFLQNFAAGAR) from the same
isoform showed a good correlation (r2=0.994).
All of the parvalbumin isoforms were synthesised in
muscle during the time course of the experiment. The lowest
rate of synthesis was for β5 (0.7%d−1) whilst the highest rate
of synthesis was for β1 (6%d−1). The amount of each isoform
present was calculated over time using gel-based densitom-
etry. Parvalbumin accounts for around 20% of the total pro-
tein soluble protein complement as determined by 1-D SDS-Table 2 – Synthesis rate and half life of synthesis of the parvalb
Isoform Rate of synthesis (ks)
(d−1) (±SE)
Doubling time
(d)
β1 0.060±0.005 12
β2 0.048±0.020 14
β3 0.014±0.001 51
β4 0.035±0.002 20
β5 0.007±0.001 98
β6 0.039±0.002 18
β7 0.026±0.001 27
a The calculation of fractional protein concentration changes is provided
b The rate of degradation was calculated using the equation Δ[protein]=PAGE (Supplementary Fig. 1). It was observed that the total
amount of parvalbumin did not change over the time-period
of the experiment but the relative amounts of some individ-
ual isoforms did. By calculating the fractional changes in parv-
albumin isoform concentration it was possible to determine
the rate of degradation for each individual isoform. These values
range from 1.3%d−1 (β3) to almost 6%d−1 (β1 and β2). For five
of the parvalbumin isoforms, β1, β2, β3, β4 and β6, there is no
significant change in the isoform concentration over time
under steady state conditions. Therefore, the rate of synthe-
sis is equal to the rate of degradation. One of the isoforms
(β7) has a rate of synthesis that exceeds the rate of degrada-
tion, leading to a net increase in concentration of the isoform.
Parvalbumin β5 is the only isoform where the rate of degra-
dation (1.9%d−1) exceeds the rate of synthesis, reflected by
the decrease in concentration in fish from 7 to 49 d. The abil-
ity of the fish to synthesise and degrade these closely related
proteins at different rates suggests that the system is under
rigorous control and can be fine-tuned in carp.4. Conclusions
This paper describes for the first time a proteomic approach
to determine the rates of protein synthesis and degradation
of individual proteins in a fish species. Our data show that
the absolute rate of synthesis of parvalbumin β-isoforms from
the skeletal muscle of common carp differs by an order of mag-
nitude under steady state conditions. In future studies we will
extend our experimental approach to accurately determine
the rate of turnover of individual proteins on a proteome-wide
scale in fish. This perspective of proteome dynamics has the
potential to provide additional insights of the relationship be-
tween gene transcription andprotein expression in fish species.
Supplementarymaterials related to this article can be found
online at doi:10.1016/j.jprot.2012.03.025.Acknowledgement
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Δ[protein]
(fraction d−1) a
Rate of degradation (kd)
(d−1) b
Half-life
(d)
0.003 0.057 12
0 0.048 14
0 0.013 53
0 0.035 20
−0.012 0.019 36
0.0014 0.038 18
0.006 0.020 35
in Supplementary Table 2.
ks−kd.
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